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This thesis presents a method for decomposing a 
Specification of a preblem into a sequence of sutprobtler 
fepecifications. The method uses the specification to build a 
treeé-like structure called a semantic net. The net is then 
Merea, tO Construct a sequence of subspecifications. Each 
subsrecification cf the sequence represents a subprobler. 
Composition of the solutions to the subvroblems results in a 
mmc ion to the given vroblem specification. 

In this work, we present an intuitive arproach to what 
Artificial Intelligence and program synthesis is, define the 
sequence protler associated with program syntnesis, and 
Meee nt the method fer deriving a sequence of 
Bemescecificaticns. When this has been done, the methed is then 
mepeied to a specific protler domain called the Blocks World. 
We then consider the method in a non-3locks World domain and 


follow with a summary. 
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i. TRU CT PON 


What is prograrmring? Is programming really a creative 
eeviuy reserved only for huran participation? What is the 
essence, the bere tones of it, that distinguishes it from 
Meemer aCtivities or things? As we ponder these questions, let 
us otserve the rélationship between the expert and the 
aporentice. The exvert is busily working away on the jobd and 
then he notices his helver standing idly on the side. The 
expert then says to his helper, Do this and do tnis and do 
this and then do that. And now, we can observe the helper 
téing as trusy as the expert. Poth are being constructive. 
Clearly, the how to do it was left uv to the helper. But the 
question we might ask is, Was the helcer programmed by the 
expert? 

In the past fifteen to 25 years, a small number of 
meeoretical psychologists, mathematicians, anc computer 
scientists in the area of Artificial Intelligence have started 
Meme guip COirputers with the ability to rerform programming. We 
call this ability automatic programming when referring to the 
memcuitver being atle to write programs. It is dubbed automatic 
tecause the programming is accomplished without human 
intervention once the specification is Supplied to it. Tae 
epecification is analogous to the information given by the 


expert to the helrer in the above scé€nerio. 





The above questions and scenario involving the expert and 


eerenvcice are an attempt to show that ftrogramrming is a 
memelex subject. This thesis will focus upon a small but 
Beir acant ingredient of the programming process, the 
sequence. The air of this thesis is similar to what transpired 
Petween tre expert and the aporentice above. se want to 
develop a set of methods that will consider in toto the set 
cf events that describe a preblem and then determine a 
Seauence for Baemiieveime the events, i* ne =xiscts. thet will 
realize a solution to the probler. 

This thesis considers the seauence problem as it relates 
tO automatic program synthesis. In so doing, we present a 
Gemel method for decomposing a problem into 2a sequence o?f 
mmemronplers. Ihe rethed uses the Specification to buili? a 
Mmeee-tike structure called 4&4 seffantic net to cetermine a 
sequence of SmecittedwtONs. since automatic vrogrem synthesis 
Mere Within the area of Artificial Intelligence and since 
Meuiticial Intelligence means different things to different 
meepre, We find it best to prceceed by first establishixg 
intuitions and frames of reference actout the concepts used to 


Meescit ad SOlUtion method for this probler. 
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TI. NATURE OF ARTIFICIAL INTELLIGENCE 


When the term Artificial Intelligence (the capitalized 
form -— henceforth AI) is used, the emphasis is on the subarea 
mameoorputer Scié€nce; a subfield of a téchnology. The 
Uncacitalized form, artificial intelligence , on the other 
hand, refers to the mechanisms or things that AI attempts to 
discover. AS such, we can say AI attempts to discover 
meprticial intelligence. 

The nature of AI can be understood test by observing its 
Mmemranry activity, its problem comrain, its goal, and its rotive 
mermeaqoing research. The primary activity of AI is eErpirical 
merestization. Al has few, if any, theories. Consequently, 
investigative strategies have been surstituted for the missing 
thecries. Additionally, AI’S problem domain is corplex and 
meey partially understood at best. It follows therefcre that 
meme y structured or tailored techniaues do not exist. [n 
short, oné can view Al as the area where frroblers are not 
fUlly understood, are yet sclvadle by humans in most cases, 
and have no spécial-purpose techniques for providing a 
memo ion. Siron in [1] defines AI as: 

“The domain in which it has not yet been rpossible tc 
EUOstictte powerful special-purpose techniques for 
medweretnods. At any time that such techniaues are 
discovered for a particular subset of protlemrs, those 


PaermenMs are reroved from the jurisdiction of Al to 
that of operations research or numerical analysis. 


a 





Seeesmat: in this thesis elso adopt this view of AI. Aside frem 
mommcane the dynamics of Simon’s definition, it becomes 
evident, if his definition is true, that AI will always seem 
tc te groping along on the frontier (and pushing the 
state-of-the-art!). 

The goal of AI is to equip machines with a human-like 
ability to solve problems [({2]. This goal is best understood 
within the Context of the evolution of our dérfand upon 
computers. Initially, the scope of the demanc was to have 
Computers handle large, simple and highly redundant jors like 
Memeus tabulations and projectile trajectory calculations. 
Currently, supé€rcomputers are used on extremely large and 
meomerex tlow-rate vcroblers like those associated with 
metecrology. Researchers are also exploring comruter usaze in 
Mepmerecasi0N-Making processes. These systers are known as 
Meersion Support Systems (TSS). An interesting performance 
mmmererion Of a [5s is its ability to suprort not only 
different decision-making processes but also suvport a variety 
Of cognitive styles [G]. This performance criterion is an 
example of the newer Kinds of demand we are now vlacine on 
Mermeuters. Two other exatples are the increasing desire to 
interface with a database using human speech, and the 
increasing desire to employ autonomous robots in high risk 


mmeeoe tions like mining cr rilitary applicaticns. 


fe 





Mmemirportance of these examples is that ¢ore computer 


Smperts feel that the kind of computing associated with Al 
Will corinate the kind of computing we do in the future. for 
exemple, during 4 rrivate conversation in Cctober 1¢€82, 8. YW. 
Hamring summarized the evolution of computing by Figure Zz.1. 
The figure shows the doutling of computer capacity over tire 
memo result of the kinds of Bouin « Fach curve in Figure 
femeerepresents the kind of computing that summarizes user 
cefmancs over some time frame. Note how AI is predicted as the 
Mex, Classification of user demand. Consequently, if this te 
mae, wnat we cdo cr fail to do in AI greatly effects our 
mumeerty tO cope with cur problers of the near and distant 
ururTe. 

As a result, the mctive for doing AI research is precisely, 
cur aggregate démand on corputers that gets translated inxnto 
[merers wanting to have computers verform like humans in less 
Seer -Structured problem domains. Ironically, the rotives for 
doing the research make a suitable definition for AI - the 
Meee Of Ciscovering mechanisms, for computer usage, that 
enable a system like the human mind to behave purposefully, 
adartively, and scoretimres even effectively, over a wide range 
cf difficult and ill-structured tasks [2]. Frobably the most 
merixing effort (i.e., comprehensive, amtiticus, coordinated, 
etc.) is the Japanese proposal for the fifth generation 


@orputer {4]. 


LS 





SIPvay 


uotyeotT{Tddy [Teotzeumy 


uotyeot{ddy Ate YITIW 


BUTSS900Tg prom 
/ 
7 
i 


pucuiaq Tesq jo Axzewumg s,sutuwey 


TZ eanety 


—— 


ayey YyMory 


qor 
od 
SUOT TONIYSUT 


N oT 


14 





(eee or PROGRAM SYNTHESIS 


A. GENERAL 

The terms prcegram synthesis and automatic program 
cynthesis are used interchangeably, but one should keep in 
fj[memamtiat the air is to equip the computer with the skill tec 
mer prcgrantving. 

Mormally, program synthesis can be defined as the art of 
dériving a program fremr a given probler specification without 
Specifying any algorithm [f}. Simply, the requirements that 
TRE progrem rust meet are stated without indicating how to 
create the program. The how is the jurisdiction of the 
Synthesis system. Regardless of the means for doing the 
meamengesis, oY huren or rachine, a program synthesis syster 


rust be provided with these basic things: 


fumcmesoecciiication which is capable of Stating a problem 


which the synthesis system has seen designed to solve; 
Bee <sowledee for coordinating the synthesis syster’s actions 
Pee roc eeace tO Trans: omm the problem into a program 


Meee 1S a SOlUtion to the specification; 


cmc cGyegc phocuce code for the target language. 





mms tHeSic 12 concerned with one aspect of the seconc 


tasic requirement, namely the seauence protler cf ctregrar 
¢ynthesis. 

ieee relationship of this work to program’synthesis is the 
moelowine. Srith in {€] eescribes the structure of a top-down 
meeerem Synthesis system. The system is logically composed of 
Meee crarts, namely the Programring Knowledge Ease and the 
Synthesis Control. The Programming Knowledge 3ase€ consists of 
Mmeoecrerts, the Lata Structure Knowledge Fase and the Library 
mmeesizn Methods. The Library of Tesign Methods contains 
@esign theories fcr various classes cf algorithmrs. These 
Memeo theories treak a nonpriritive problem into suoproolemrs 
Smeeeassertle a soluticn based on Soluticns te subrreblers. The 
Meeerod we presexrt is concerned with decorposing a orooler iato 
mmmeromiemce Of SUttroblemrs anc, therefore, would be contained 


in the Litrary of Tesign Methods. 


PeessolC CONCEFTS 

The basic requirements of a synthesis system, as stated 
above, are best uncerstood if the vrogram synthesis process is 
meernsinplified. Fowever, several concepts are needed tc do 
mec. First, let ve consider the terr “specification . The 
specification is a set of relationships tetween inrut values 
Meo OUTpUt Values. This kind of specification if kKnown as a 
EFrocedural abstraction [7]. It has two parts: an interface 


Meecntication and a béehavicral specification. The interface 


Ne 





meme ication 1s concerned with things like the module nare, 
Meraretvers and resources for input and output. It is oritted 
from any further ciscussion and assumed to be implicit for the 
synthesis system. The behavioral specification, hcwever, is 
meee portion of the specification that is heipful ia 
understanding program synthesis. The technique for specifying 
maemeeenavioral specification 1s the invnut/output approach. 
“The indut/foutput approach describes the relationship tetween 
the inputs and the outputs by giving a vair of constraints. 
Frovided that the actual input satisfies the input 
Mmemerraints, the output is guaranteed to satisfy the output 
eonstraints [7]. 

Hoe input portion of the specificaticn is associated with 
Meemeevart State - a cescripntion of the current world view 
defined by rélaticnships tetween ctjects or things thet have a 
tearing on the problem. The output portion of the 
Seecification is associated with the goal description - a 
Meroe iorion of ré€laticnships between objects that, if 
established, represent a solution to the probler. These 
Meravionships usually correspond to toolean tests within the 
reascning language of the synthesis system. These tests 
Semeprise€ an important portion of the knowledge that was 
Memruaea to as téeling a basic requirement of a synthesis syster. 

The next important term is operator . An operator is a 
task-specific mechanism that accomplishes a snecific set of 


actions. The actions corresponc to establishing relationships 


is f4 





mmece transforr the cvrrent world view into anctner view. The 


rélatiecnsrips are established between the objects that somehow 
come into play with establishing the desired goal state. Since 
Mmrcmors are designed to achieve specific results, an 
crerator can only te applied to particular kinds of objects. 
feet 1S, 2 perticular operator is applicable over a certain 
moot Oniects. Additionally, before the operator can be 
Memereont Oo an Object, the object Must meet certein criteria. 
fegemecriteria are usvally viewed as a list of troperties. The 
Meee rties Can te, arcng other things, rélationshins between 
Memes rurther, an operator corresponcs to a block of cede 
meme ne target language of the synthesis syster that 
Seeeabliches the relationships between otjects in the 
synthesized program. 

We aré now in a position to discuss rore fully the idéa of 
mmereeclLed relationships. Frotected relationships are 
associated with sutgoals in the followins manner. Subgoals are 
meeerolished by acplying the appropriate operators to the 
appropriate arguments in an appropriate seauence. As the 
Semmeavdr> are béeize applied to the particulér argumrents, other 
conditions (relationships) are being established. rom those 
conditions, some set of conditions is needed to show that the 
subgoal has been established (made to te true). We call that 
memetche protected relationships of the subgoal. 

Waldinger in [8] has shown that protected relationships, 


cncé estatlished, should not be temporarily undone (rade 


1&@ 





false) because an infinite seauence 2 sact pons» ior the 
eynthesis system could result. This infinite sequence cf 
@etvz0ns 1S possitle when the synthesis syster considers the 
Semeeverent of sutgoals to be indé€pendent fror €ach other 
when, in fact, they are dependent upon each other. As one 
subgoal is achieved, it must be undone in order toc achieve 
Some other subgoal. 3ut when the other sutgoal is achieved it 
fee De Undone to achieve the first, etc. Wher such a 
relationstip between subgoals exist we say that the probler is 
memomiinear probler. After achieving the subgoal, then the set 
cf relationships that correspcnd to the subgoal’s protected 
relationships are determined and saved by some mechanism of 
meemerrogranm synthesis system. The sutgoal is then calléd a 
Meee cted Subgoel. In short, the synthesis syster, in its 
reasoning language, knows the effect of applying en operator 
Mmeomrus areurents. 

Bommmen, in the process of establishing other subdgoals, 
Tre ctrotected rélationships of previously establishec sutgoals 
way be race false or contradicted. This we refer to asa 
fmeration or contradiction. When a coatradiction is made, a 
reordering of the sequence in which the subdgoals are 
estatlished is done. [If there is a sequence for which no 
mmr rda@iction occurs, then we say that that sequence of 
Orerators produces valid results. Otherwise, we conclude thet 
Mmeere 15 2C solution to the probler to which the subgoals 


belong. 





lastly, there is the matter of notation. We adopt the 


convention of using the terms WHERE and FIND to incaicate 
Memeo ut and outrut rortions of the spécificction, 

meee cuively. Additionally, each syntactic portion of the 
Specification thet represents a predicate is called a subgoal 
and is represented as: (subgoal). Therefore, the problem 
erecification can te represented as a series cf smaller goals. 
The general format adopted in this thesis is: 

[(WEERF (s1)(s2) - - - (smr))( FIND (g1)(22) - - - (27))} 

Mars format follows from the atove déscriction of the 
meet /Outreut abdrroach. The WHERE portion describes the 
memevant rélaticnships in the current world and the FIND 
mumyror describes the relationships that, if estabdlishec, 
represent a solution. The (si)s state relationships in the 
Brent world view. The ‘gi)s state the relationships that 
Mmemetitute a solrtion. The semantics of the specification is 
Peeven 2S follows: IF s1 end s2 and - - and sr hold initially 
TREN gl anced ge and ~- - and gn hold after trogramr execution. 
Further, for the convenience of distinguishing tetween tasks 
that need to te accomplished and those already accomplished, a 
subgecel in uppercase symbols, (SUBGOAL}), recresents an 
accomplished tack. The terms true, estadlished , achieved 
and accorplished are used interchangeatly and are used to 
Mean that some (sutgoal) has been transformed or synthesized 


mrvo (SUBGOAL). 





Men GIMPLIFIEI EXAMFLE 

Now let us consider a simplified orogram synthesis 
exanrle. Suppose our goal after waking in the morning is to do 
Gemeeonal grooming, get to work, and start our job. Further, 


Suppose the problem is specified as: 


[(WHERE (PERSCN IS-AWAKE) (PERSON IS-UNGROOMED) 
(FIND (person is-dry at work) 
(person is-groomed before workxing) 
(person is-dressed before arriving at joo! 


(person is-working on job))]. 


femeuae Synitnesis system begins to formulate a solution te 
this probler, the WEERE portion cf the srecification is 
@estured to be estatlished. This represents the starting voint 
or start state for the Synthesis system. The svstem then uses 
meoeexio0Wledge to transform the start state until all the 
mmmeoals in the FIND tortion of the specification are trte. 
meee ali the conditions of the FINYT vortion are true, the 
System has ‘synthesized a solution. 

let us go into more detail using the atove éexamvle. 
Suppose the synthesis system has the following operators: 
Merve nh teeth), (drive to job), (dress), (shower), (shave;, and 
(start job). The cverall jobd of the synthesis system is to 
epply these operators in such a manner that the FINI portion 


is true. Pere we get a glimpse at the nature of the seauence 





rretler in program synthesis. We see that some sequences 


catisfy ovr protlenr and sore do not. For example, one trossible 

momoicn to the atcve specification might be (SHOWER) (SHAVE) 

MerUoPeTF2TE)(LRESS)(LPIVE TC JCB)(START JOE). We also note 

that there are other possible solutions. For example, two of 

aaem are : 

meee) (SHOWER) (3FUSH TEETH) (TRESS )(IRIVE TO JOB)(START JO3) 
and 


Beet ST A)(SHAVE)(SHOWER)(DRESS)(LTRIVE TC JC3)(START JO3). 


Mmemenect, tre general form of a solution could be: 
----(SEOWER)---(IDAFSS)---(DRIVE TO JCB)---(START JOB). The 
dashed lines indicate that any of the other operators could be 
meercead at that point; as long as @ach of the listec operators 
Mmecgurread in the given secuence. This constrains a sclution so 
that a verson is dry and dressed before getting to work. 

Several importent concepts can been seen frem this 
Seeemoble. Birst, there may be many solutions which satisfy the 
fEcecification. This leads to the concept of acceptable versus 
unacceptable solutions. To ensure that a solution is an 
Mmecertabple one, the srecification must constrain the proaolem 
in such a manner that the synthesis syster provides the 
cesired one. [In the atove exarple, getting to work and then 
Crushing ones teeth is an acceptable activity. If we review 
the input/output specification, being fully groomed before 


eeeartin2 to work is not a constraint. Therefore, brushing 





Meeeere arriving at work is an acceptatle solution. we can see 
that the specification rust be stated in such a manner that 
meeeeacceptable solutions are allowed, tut no others. 

Pememener ifportant concept is the semantics of applying an 
Operator to its arguments. Consider the task (sheve) for 
instance. We rust refrember that tasks are associated with 
actions. That is, e tesk requires that some test be done to 
estatlish the existence of sore relationship and/or recuires 
Dat Sore relationship be established. Therefore, « task or 
mmemeodt 1S accomplished by applying operators to argurerts. 
Continuing with (sheve), for example, if PICK-UP was an 
crerator then it might be avplied to the argurents EFEAND and 
RAZCR, causing the HAND to grasp the RAZCR. But whatever 
coerator is used to verform shaving , we would like for it to 
have a different meaning (result) for the argument of “erales 
then it does for the argurent of males. The set of 
@mercunstaices surrounding the auplication of an operator is 
referredc tc as its context. We see then that the context 
@trtects the application of the operator. Reremrber, vohysically, 
Tne Operator is a tlock of machine code. Therefore, in 
memerd:, if an operator has many contexts then these contexts 
meee enmbpeddéd within the code that defines the operator. for 
example, we specify what (ferale or male) is to te shaved 
Mme the ov€rator acts accordinely. 

Megmpronaliy, the eifTe@ct that an overator has upon its 


argument(s) is equally important. The synthesis system rust 





Memeemerne a0ility to know this. Using our example, again, the 
eynthesis svster must be able to déteérmrine thet the secuence 
(TRESS) followed ty (SECWER) causes clothing to be wet anc, 
meme, Ore, an unacceptable solution tecause of the constraint 
memmpeu to WOrk dressed and dry. Let us see how a synthesis 
system might go atout “knowing this. 

Memoteatec earlier, the synthesis system knows the effect 
memarolying an operator to its arguments. Assure that the 
Sere nt 1 a4 person. Further, assume that there is some list 
Smee certain prorerties about person is recorded. There“ore. 
when (dress) is applied to person, the croperty list of person 
is checked to ensure that it meets certain conditions (e.g., 
not alreacy dressed, awaxe, etc.). WE assure that peéerscn meets 
the necessary conditicns for applying (dress). Then (dress) 
causes the vrepertv list associated with rerson to he updatec 
meee certain other properties (e.g., has on clothes. hes on 
shoes, etc.). With regards to the particular persen that 
(dress) has been applied to, (dress) changes to (DPSS) and 
Mmepoon has the gpreperty of being dressed. 

Meme, tne Operator (shower) is applied to perso? (i.e., 
the sare reérson to which (dress) has been applied). The 
ecrerator ‘shower) is designed to update the property list of 
its argument, whereby, all objects defined ty the has-on 


relation, for example, are changed to is-dry = false. Since 


meeoaieis to have is-dry = true, the synthesis syster can te 


meee tured to 70t do actions that contradict a task it is to 





@cnreve. So then, ty using certain date structures and yncwineg 
“a priori. the affect of an operator, it is possible tw 
determine if a certain seauence of operators produce tne 
desired result. 

Finally, when all these concerns are consicered in total, 
we are able to determine the problem domain of the synthesis 
system. The problem domain represents the kinds of prodlems 
fer which the synthesis syster can provide soluticns 
(rregrars). For example, in the above example we mizht 
@emsider the rrotler domain of the hypothetical system to 
cover the morning grooming for adults. We specified edults 
because ovr system does not handle infants - it does not xnow 
row to diaper (dress) e baby. So in some sense, the vorobdler 
memaifi indicates the power of the synthesis system. &£s the 
G@eeess Of Troblems increase for which it can previde solutions, 
Meee power of the synthesis system increases. 

MGmemsimplification cf the program synthesis rrocess has 
mewn tre importance of the specification to the synthesis 
system. In assuming the program synthesis syster to te 
powerful enough to achieve all the sutgoals belonging to sore 
meoblem comain, it is clear that the specification Trust convey 
the necessary tasks and constraints. aA good set of 
Meecitficadtion should ve miniral and complete. That is, it has 
no rédundant pieces of information and the addition of any 
information would either be redundant, or it would change the 


Merve inally gescrited ocroduct to being something else. 
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Memcenerits of Automatic Program Synthesis 


Simon in {1] points out that our tesic understandine of 
Mueeeverad) intelligence cepends or how well we can iefine the 
Mmereren Wwe aré trying to solve. AS Such, automatic vorogrer 
synthesis provides an excellent domain for experimentation 
Memeo nobvlemr rerresentation. Siron feels that our ability tc 
exterc Al in other ill-defined areas depends on our aoility to 
rerresent protlems. Further, this aréa coffers excellent 
Meemertruatie€sS for cituations where inrorration and reaninez 
have to be communicated for a definite purpose (e€.¢g., natural 
Megeuaee). This capablitiy could also provide exciting zew 
Memeeeemities for edvancing general research ty providing a 
memes bec for new ideas. The possibilities are endless. 3ut the 
Met exciting, I think, 1s having an alternative rethed for 
See sOftware developmrest and software maintenance at recucec 


mest. 





cen ONC etek PROS LEY 


A. GENERAL 

Saaecers I and III of this thesis have provided us with an 
intuition for what the ‘sequence protlem is. In this chapter, 
we will state more precisely the seauence vroblem associated 
Beemer autoratic frogramr synthesis, Dresent the hypothesis ofr 
this thesis, and give an overview of some of the irperteant 


mors in avtormatic program synthesis. 


EF. THE SZQUENCE FROELEM 

meres aeree that orcgramming is a transformation of 
ideas into some machine useadle form that accomplishes a set 
of actions. For those of us who havé done programming, séveral 
Paings apout programming were Poca Mecgy Teo firs... we 
learned that céerte¢din tasks witnin the pregramr must re 
meeorolishéed beforé certain others if the pvrograr was tc he 
Somrect. This sare recuirement exists within an automatic 
Trograr synthesis system. Secondly, we learned that there are 
meen Tany djfferent crderings of tasks that providé a 
sclution to the prograrming protler. Eut we alsc learned there 
mmemrany orderings that do not provide a solution. With these 
ideas in rind, we can precisely state the séquence orebler . 


The sequence protlem associated with automatic crozram 


Memo nesis is how to determine a correct ordering for 


rat 





Pee vide, in the target language of the synthesis syster, the 
mmgecais that cofprise the FIND portion of a specification. 
Ceviously, if the ordering is followed we want it to provide a 
weeuevton to the vroblem, if a solution exists. 2£ut we also 
would like a method that can accomplish this without searching 
maeeuen @ combinatorial explosion of vossibilities. Whv? Let 
US Say that a protlem can be specified with sore finite 
memoper, nm. Subgoals that comprise the Sinc portior of the 
Meee t cation. Since there are na! orderings, as 2 gets 
eeeorturadrily large we would like for our metnod to still be 


Effective in obtaining a solution sequence. 


See RCELEM STATEMENT 

foeewe consider the neture of, program synthesis as given in 
Chapter [II, we will recall that the svathesis orscess bexins 
ty acting upon the specification. Cne of the principal 
Meet aculties in top-down design is knowing how to cecorrose a 
rrotlem into sutrroblers. At present general knowledge of this 
fees 2ntnitive and not in a form suitable ror automation. 


meer than attemrt toe formalize this general knewledge we 


t+, 


focus on special ways to decompose a problem [6]. The “ocus o 
meees thesis is the prebler of decomposing the giver preeler 
Sumer re ation. Cur goa! is a method that considers the entire 
memecititication btefcre rtroviding a sequence of 


Meeareceescations, Fach subspecification of the seauence 





Meeresents a stubproblem, and the composition of their 


mt2ons i$ a soluticn to the given procler spé€cificaticn. 


fee HYPOTERSIS 


The hyctothesis of this thesis is as follows: 


Hy extracting information contained within 


Mica mOcecurdilcpecificetion, Semantic 
MetuwGnes "cand Ge CONnStructed anc used to 
determine a sequence for achieving sudgoals 


iMcti——r ron LTOWed, vrovidces a solution tc 


iMempnoeedural specification. 


Meese VIkwW Ch RECENT WCRK 


Peumemportant and fundatfental fact about prezranr scyathesis 


was described by Earstow in [Sj. Earstow performed an 


experiment based ufon the abservation that human 


mow 2 1Ot about programming. He also noted that much 


crograrmers 


moowledge seers te be independént of any particular 


an 


2.) 
- 


this 


programming language. This knowledge comcrises a veriety of 


memcepts (e€.f., Sorting, pattern matching, sets), 


implerentation techniques (e.g., hashing, binary 
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Quicksort), heuristics for suggesting irclementation 
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tecrniques, and general strategies fer Various situaticens 


(e.g., divide and conauer, greedy). 





marapew used this information and devéelored a syster. 
called FECCS, which established a feasirility milestcne Yor 
mevomatic program synthesis. Barstow showed that huran 
knowledge about programming can be made precise enough trat it 
can te codified fcr machine (computer) usage. PICOS resulted 
[eae 4e? rule knowledge base syster that constructed (i.e., 
mot synthesized técavse the algorithm was suovlied) progrems 
throveh a gradual refinerent approach; almost all vbrogramn 
memepnesis is done ty gradval refinement. 

Manna and Waldinger in [{1@] incorporated thecorer proving, 
mri icaticn techniques, matheratical inductior, and 
mee rorfation rvuleées within a single syster. This vrovided 
them with a simpler program synthesis structure. They mare the 
important claim that rroeram synthesis systems always require 
thecremr vorovers. Also, they show that theorem provers cacaole 
Ct handling exictcential quantifiers (e.g., there exist at 
least one such item that maxes this true) are important to the 
Meee itye tO Introduce ré€cursion or itéretive ioors inte a 
meograr s structure. 

Frevadly tre fost acclaimed of all works concerning 
automatic prograr synthesis is (5] by Manna and Walainger. 
mone hic work Ss fany important principles for synthesizing 
Mmeerarive straight-line progrars, is the concept of prctection 
for achieving simultaneous goals. Waldinger in [@! shows that 
rrotected relationshirs (those relationships needed te preve 


Moat SOME aSDECt Of the prograr is true) should not te 





Violated (‘i.e., made to be false once established as true , 
een tempcrarily, téecause an infinite series of syatnesis 
Mereons could result. 

Srom the preceding chapters of this thesis we have gained 
en understanding for the important concert of sequencing as it 
memassOciated to automatic program synthesis. Although ruch 
meee fas teen done in the aréa of planning we will eccnsider 
Meeercoti s work, narely that of [11] and [12]. In {111, 
Sacerdoti develored a system, called NOAE (Nets of Acticn 
Bierarcties), of techniques for generating 4 hierarchical plan 
Capatle of providing varirg degrees of cétail fer any level 
Mmetedeeone hierarchical plan. NCAR exploits the concept of 
Meoresenting a plan as pertially crdered se€queéces that 
Meeeopore Ordering commitments until sufficient informaticnzn 
Peeee>S to determine the task order. Also, NCAP is capahle o? 
MeaeseoWwide sand ifproving its plen. The plan uses a structure 
Called a procedural net. The net is @ graph structure whese 
nedes répresént actions at varying lévels of details, 
Mueeremee i 1tO 2 hierarchy or partially ordered time 
memences. A significant contribution of Sacerdcti’s werk is 
een oe ei otormatioxz at appropriate levels of detail for the 
Mmermoose of ceterrining a sequence for achieving tasis. 

In {12}, he applies NCAR to the Elocks World probler 
domain and solves Sussman’s Anomaly, a classic ronlinear 


MmeOrlem in automatic trceram synthesis. The nonlinear nature 





meero1s Problem swwill be explained in Chapter VI, where we 
mmesent tre protler in detail. 

Sussman in [12] presents a program called FACKIFR that is 
capetle of doing limited pPRoetat syn tnesis . PAGCKA2 also 
@isplays the ability to learn from previous mistaxes by 
viewing debugging as a positive set of circumstances. That is, 
when tryirg to extend code for some new situation. the reason 
fer the failure is located and the old cede is extended as a 
result of locating the reascn “or failure. The old coce 
serves as a ‘plan’ for the new code [13]. The FacX?R svster 
Mmlates a robot and a table with blocks on it; the robot 
moves the blocks according to some set of rules fcr the 
curpose of achieving some specified goal state. 

Today, however, only small and rether simple problems can 
Memcynthnecized. Many exnerts acknowledge the cifficulty 


MersOciate@d with synthesizing large proclers Like operatin 
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meeemsS Dut feel that soreday this kind of Expertise in 
Artificial Intelligence will be in place. In fact, ‘many of 
Meme perts teliceve that the artificial intelligence of 
machines will one day surpass the natural intelligence of man 
. . [2]. Cn the other hand. many experts extress their 
SeesdpDOindtment about what Artificial I[ntelligence hes actuelly 
memiveread when compared to its initial claims and the 
eeepectations of these anxiously waiting for AI streducts. As 
Such, we see that the ocpirions vary greatly aSout what is or 


mmenOtmeossitle within and by Al, a réason for conrtinued 





Meer. fut certainly all seem to agree that the gap between 
Seemewrmrent technology and our desires needs to somehow be 


meidged. 





Vee peels 


A. GENERAL 

fomeeetOllowing methods will be uséd to extract informetion 
mmometcme crocédural specification, construct a grapn-like 
structure called a semantic network, imvose levels ontc the 
cerantic network, anc derive a seaverce or specifications that 
meesties the original procedural Specification, if such a 
eequence exists. Nilsson in [14] cefines a semantic network 
(henceforth called a semantic net} as a collection of 
predicate calculus expressions revresentéed ty a graph 
meme ture. For the purpose of this thesis, the predicate 
Calculus expressicns that constitute the serentic net will be 
Mme relatjonshipe contained ir the procedural specificetior. 

emer) assume that the crocsedural specification consist 
cf unary and binary relationships. Thus, the relational 
meeratOrs can be répresented by lateled ercs; the tail of the 
arc leaves the node representing the first argurent, and the 
head of the arc enters the node representing the sécona 
mezument. kor exanrle, if CP is a relational overator and AGi 
and ARG2 are arguments, then a subgoal of tne vrocedural 
specification would be denoted as (OF ARGi ARGZ). In the case 
Sia UNary relationship, a dumry argument is used as the firs? 
meeure itn, tamely DUMMY. Sy introducing the dunry ergurent for 


mary relationshits all relationships shere the Sere ferret. 





Thus the expression (CP ARG1 ARG2) is represented by the 


moerowing structure: 


ARG1 ----------)> ARG2 
OP 


The following abstractions are imposed onto the semantic 
meer arst, we impose on it the concent of level that is 
associated with tree type structurces. We also impese the icdéa 
that an arc’s level designation is determined ty the level on 
which its entering (terminal) node resides. For example, ita 
Menmmindai node resides on level 1 of the semantic nét, then all 
meee Cntering that noce ere designated as helonginz to level 1 
cf the serantic net. The DUMMY node always exists in the 
serantic net and is at level zern. Aan erarple of a semantic 
met with jleévels, the rotivatica for tne idea of levels, and a 
Meee ibie? for computing the level of a node are tresented in 


moe next of this thesis. 


3. AN EXAMPLE FRC3LEM 
For an example protlem, suppose we are given tae fcllcwineg 


meocedural specification: 


[(WEERE (OP1 aA E)(CP2 B C)(CP3 B D)(OP4 DB C)) 


(FINI (OPS C 3)(CPE C A)(OP7 TUMMY [)(oFs 3 T)fOPS a T))] 


moO, fOr any program synthesis system, the number of 


mrationg! operators that are available for specizying tne 


CN 
Oo 





meeotfication is finite; the pcprogram synthesis syster is 
mete. Note that CP7 is a unary relational operator and 
different from the other operators because they are binary. 

Regal! that the WHERE portion of the procedural 
Peecitication refers to the current start state and the FINE 
Eortion refers to the goal State. A S@mantic net 15 
constructed for each, which we call the Where-net and 
Vind-net, respectively. 

imeeet Construction 

met woetesin by constructing the *nere-net; the 
Meed=-net is similarly constructed. we arbitrarily get a 
eupecal and transform it into its representative nodes ana ere 
form, which we will refer to as a labeled erc . We refer to 
it as a labeled arc because we want to ve able to identify 
@ea associate Gach arc cf the net with the surecal it 
Pepresents in the specification. AS such, a unique value is 
assigned to the sutgoal, anda the same value is assigned to its 
corresponcing arc. we adopt the scheme of assigning the 
positive intezer i to the i-th subgoal placed intc the 
Semantic net. This sare notion can be extended if multivle 
Mees are created ty. 4 subgoal. 

We get the first subgoal, convert 1t to its arc/ncde 
morfr and latel its arc with the value 1. We then place the 
non-terrinal (source) node on level 2 (zero) and the terminal 
nodé on level 1 of the semantic net. We then cecnnect these 


Meees With an arc and assign the are its unique value. The 





Meme subeoal is selected and transformed into its erc/noce 
etructure in the same way. If neither of its nodes exist in 
the serantic net, then it toc is placed into the net in the 
same manner as the first subgoal. Otherwise, one or both nodes 
exist in the net and the following is done. 

Let us consider the case where only one node of the 
current labeled arc exists in the net. If the source node for 
the current subgoel we are atterpting to connect exists in the 
Ret, then we place the terminal node on the next higher level 
meerecoOnnect them with the current arc, giving it its unique 
mee value. [f the terminal node exists and is not on Level Z, 
then the terminal is on level i and we place the source node 
Seerevel i-i and make the connection. Otherwise, the terrinal 
node is at level 9.- In this case, the téErminal 10¢€ ana all of 
TUS descendent nodes are olaeced on the next higher levels 
wae. , increase each of these nodes’ level designation). The 
Beurce noce 15 pleced on level ¥Y and connected to its terrinal 
mode dy its labeled arc. 

Wren ctoth nedeés of the current subgoal alréaedy exist 
Mmeeene net there is the potential for causing a loov or sycle 
meeune met. We first consider the case where ne loop is ferred 
mer bhessenantic nét (i.e€., the terminal node is not on the 
Edth from the root to the source node). when the nodes of the 
merrent Ssucgoal Exist in the net and the terrinal anode is on a 
Higher level, then the arc is connected and labeled. 


Ctherwisce, the terminal node is on the same or lower level. [n 





mummers Cace, the terfizal node and all of its descendents are 


Elaced on tne next higher level and the conrection is rade 
memeraimely. E€cause we impose the restriction that a terminal 
node must resice on a level greater than any of its source 
Moges, loops must te hendled in a different manner. 

For the cese where an arc/node structure causes a loon 
in the serantic net, the loop is localized to reside on the 
highest level for which a node in the path of the locp is a 
Mmemminal node, anc its incoming arc iS not on the nath of tre 
meee ye tocealizing, we mean placing all the nodés in the 
1100p, and their respective labeled arcs, on the etrove 
determined level cf the semantic net. The descendant nodes of 
jee 2cdes in the loop are likewise adjustec to reside cn their 
eee ropriate level. Ceorvere AS ono INcCOminae arc into the joonp. 
mem the Jeccalized lecp will reside on level 1 of the serantic 
meme Hienre £.1 shows an examplirng of localizing a looc. 

As a result of localizing a loot, the set of noces and 
arcs that form the locp are considered as a Single entity. 
That is, if one node is caused to reside on some higher ievel, 
then all other nodes will reside on the new level. Tescencdant 
modes are adjusted to appropriate levels based cn the 
conditions caused by localizing. 

Also, arc/node structures that are duplicate are not 
allowed in the net and are considered to te redundant 


mormon. A duplicate arc7node structure is cne with the 
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Localizing a Loop 
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Peme verm@inal and source nodes and the sare binary operator 


and that already exists in the semantic net. 

mmcenwune semantic met has teen constructed arcs ere 
considered to be undirected. [irected arcs help to staolize 
the structure by providing the organization necessary to 
Petr tiond Subgoals into a partial ordering. The diré€cted arc 
causes the task to be pushed into an “execution tire frame. 
For example, s& and s3 are subgoals that reside on level 9 and 
level 3 of the same semantic net, respectively. If sore si is 
Mmemeroduced jin the Net that has as its source node the terrinal 
meme, of SS and has aS its terminal node the source node of s3, 
Then the subgoal sZ would be pushed to level 1i¢@ of the 
memantic net. The motivation for this idé€éa is given ctelow when 
memerrtverpret the semantic net. figure 5.< shows the vhere-net 


mae 'indg—-net for our éexarple. 


4 


o 


A. iterore ting the Semantic Net 


Meer cousStructing the where-net and the find-ret, 
moeré€ 1S Enough information to determine the sequence for 
meaonmplssning the subgoals. At this point, most of the 
Emchasis is placed on the Find-net. The where-net is used to 
Semreciish existing relationships of the current worlea view, 
and is updated to reflect the accomplishments gainéd in 
Mererrining the order for a sudgeal. However, the reasoning 
language will use toth nets to deduce knowledge. 

This knowledge represents the manner in which the 


Meeating of the Where-net with a subgcal from the find-net 
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Where-net 





Find-net 


Bierce 5.2 
Where-net and Find-net for Example Problem 
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Level 2 
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Level 0 
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MmecuS tle ability to update the where-n2et with the remaining 
Subgoals of the Find-net. The essence of this krowlecge 15 tc 
deéterrine if prerequisite conditions are neecec so that a 
evbecal from the Find-net can be incluced into the wthere-net, 
and/or determine if subgoals are permissible under the rules 
that define the problem domain. These features of the 
Meaooning language will te shown in the presé€1rtaticn of 
meecitic examples of the next chepter. This orings us to the 
MaemeespectS Cf the Find-1et thet néed interoreting, which are: 
the levels of the net, and the arcs that Span the sare level 
eee the net. 
ae 6 Ueeretbing the Levels of the Net 

Meme etenel semverpreratlion given to levels is that 
Pameeoals on a lower level (i.e., closer to the root) are 
required to te achieved before achieving these subgoels cof a 
higher level. This interpretation assumes that the 
intermediate argurent b of the transitive proverty will 
Somehow be modified if aRb is achieved. Recall that aRb 
Equates itself to an arc/node structure cf the serantic net 
Semmens neelf Equates to a subgoal of the procedural 
peecitication. Thie approach is conservative from tne view 
that if the subgoal defined by aRb rodifiés its argurent °, 
ther the subgoal cefined by bRc will have already inherited 
meeemrocdification. Spécifically, however, the Find-net in 
Figure &.< shows that subdgoal 1 and Ssubdgoal <, denoted by Fl 


muerte, are to be achieved tefore all others. Then, in sore 
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Meer to be determined later, F4, FS and #¥5 are to he 
achieved. In short, we have determined which sutgoals telong 
Moe bevel 1 tasking of the original probler. 

Tiemerapmncal Representation of this information 
i¢ the ANI/OR graph shown in Figure £&.3(a) telow. Figure 
E.3(t) is the general form of the AND/CR graph produced by the 
Meeoas cescribed in this thesis. The interpretation given to 
this graph is thet each leaf node represents ¢ subgoal for the 
SeemrnesiS syster. we can also see that e¢ leaf node can be 
composed of several subgoals from the FIND portion of the 
mmececural specification. The root node of the ANI/OR graph 
represents the procedural specification. The sequence we heave 
Sement drter is the left-to-right ordering cf the leef nodes 
Mmeune ANI/OR graph. If we use the gravh of £.3/fb), then the 
Sequence is achieve Al anc then achieve A2 and then achieve Ag 
ELC. 

me interpreting Subdgoals Spanning the 

Same Level 

To sequence subgoals on the same level of a 
Semantic net requires a large amount of xknowledze about the 
Mmeotclem domain. For exarpnlé, such a cepatility is dependent 
upon knowing the meanings of all the possible connections 
that are ellowed cn e level within a semantic net. The 
€ynthesis system must be able to know how these connections 
mmeatct the solution. Sor example, surpose we are given two 


rer Cmmmcchs, stloack a atc olocx Db. Further, sucpose we ere 
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(somrGo:) 


( F2 Ft) (F3 F5 F4) 


(a) Example Problem 


jiccumco )) 
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(A2) a ae oe (An) 
level 1 OVC) 2c) . ie Level 7) 
tasking tasking tasking 


(b) General Problem 


Figure 5.3 
AND/OR Graph 





mmuemeore relation®which states that block bis on the ton of 
tlock a. Also, SUfrose another relation, telonging to the Sarre 
meeeccural specification, states that block a is on the ton of 
tlock b. When we consider each relation (subgoal) separately 
Mere presents a valid condition, and one that is pvossitle to 
achieve. However, when we consider these subgoals together 
maeyerepresent an invalid condition (i.e€., only one block can 
te on top) and the reasoning language must de abl2 to ‘know 
ots . 

pocemmuonrallyowtge aumber of nodes residing 07 a 
level represert the number of parallel rrocesses that are 
Mmeostole during the processing of a perticular lével. tach 
EFrocess ccensists of or is defined by the subgoals (i.e., 
meeyv mode structures) for which the node in quiestion is the 
Memmiscad! rode. #ithin Chapter VI we will see how xnowledée 
erecific to a vrotlemr domain is applied to subgoals of the 
Sare level. Figure £.4 shows all the possible isomorphic 
meee ctions that are cossible in @ semantic net when uSsinzs 
Cnly two subgoals. There specific interpretations are 
dependent upon the task-specific knowledges callec critics that 
are associated with a particular protlem domain. We will 
consider what these networks mean within a snecific prooler 
maeaim in the next chapter of this thesis. 

Wiecuce rw menOwWeVere Critics are applicable for 
use with the reascning language or target lanSuveage. These 


Meeitcs are the conditions or circumstances for apnolying or 


eS 
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moa ep piving a certain Sequence of operators. Simply. critics 
eevrce tke strategy or control structure for the detail 
aspects of some problem domain. They are the ‘fine tunin2. 
mechanism for the overell or mcre general control strategy 
@mesen to perform automatic vrogram synthesis synthesis. In 
[S£], Manne and Waldinger refer to critics as strategic 
@emewtions. Sacerdoti (12 and 11] and Sussman [12] refer to 
mmemean aptroach as the criticism approach. 

POG vOs COUCer? at this point is how do we 
memercer loops. A loop is considered to be a group cf Sucgoals 
Mmameeeca SUfficiently tight that this method is unable to 
sequence. 

ae iscClatine Information Helevant To a Subgoel 

Mor OnmmatnOw bnelLeCvant to any subgoal contained 
Meemnim tne specification is easily obtained. By relevant we 
mean possitily impacting the result or atility to achieve sore 
mema1tion. Again, observe Figure 5.2 above. To obtain all 
relevant information about a subscal, say, F4 for instance, 
its arc is located by using the enumeration value assiened to 
the sutgoal. The terminal nodes of the subgoal are then 
Mmpavea 10 the semantic net. From those applicatle neces, the 
Mest Of Values of arcs along the path(s) tack to the rcot of 
the ne€t represent all the information relevant to that 
subgcal. In this tarticular case we see that all the other 


sutgcals are relévant to subdgoal F4. 





Figure 5.4 
Isomorphic Nets Using Two Subgoals 
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Wee RATIONALE 


Tet us consider the above interpretations. The ovérall 
echere is based upon the notion referred to herein as the 
“transitive interplay of subgcals . When we examine the 
criterion of achieving subgoals belonging to level i before 
those of level i+l, we imply that the sutgoals cf level i 
impact the achievement of the overall goal before those gzoals 
jmemmeneige to jevel itl. Therefore, there is the recuirereéent te 
put in place, first, those foundational things of level i. 

What are those things ? They aré relationships. The 
meecrerrc TEt is constructed from relationsnips that comprise 
memes procedural specification. As we focus upon the find-net, 
We See that it does Fore than state relationshivs which 
mepresent a protlem solution. It also imrlies the usage of a 
@eeevadit Set of operators. That iS, to achieve the relationship 
mumerecertdir Operators dre applicable because operators are 
Tinited by the arguments they are definec over and their 
meonwltirg action — making trve certain rrotected 
merationships. 

tte Ormation iS thea incorporated inte the reasoning 
language cf the synthesis system in the following manner. 
Meece arcs COrresrond to relations and the nodes correspond to 
arguments, the attributes or properties of arguments are 
“reasoned in the reasoning language to determine if the 
Ererequiste condition(s) exist(s) or are needed in achieving a 


cubecal. Likewise, when multiple relations affect a node the 
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Came strategy exists. The only difference in this case is the 
€€t of applicable operators may have increased in number. 
Eyeimcosing the notion of direction or flow onto tne 


Mato ye relational operators, we can create mappings as 


just as ffx) ------ > y i¢ normally consicerea in functicral 
motation. We then connect these mappings, and the resulting 
Seragtric network shows the transitive affect of overetors upoa 
arguments. To explain what we mean by the term transitive 
affect , we refer to the definition of the transitive property 
emery relation. Forrally, the transitive property is 
Mememoed as: if akxt and tkc then akc, where 3 is Scre releticn 
over A x 3, and a and bof aRbd are elements of the set of 
Mmeces A. and 3, respectively. We extend 2 te be sore farily 
cr set of relatiors over a vroblem domain for which the 
Synthesis system has been designed. This extension increeses 
Mm@enarcltrariness of the relations R that comvose the formal 
merperuitior of transitivity. That is, if aRkb and bkc then akc 
reans each BR of the transitive definition may in fact ce 
oer Creat fror €ach other. 

Furthermore, if we transform the antecedent of the 
meansiuive a@erinititon (i.e., the If-Clausce) into mavopings and 


construct a network we ottain the following: 





where Ri and R2 are members of the set & of relations for the 
meooven domain. The interpretation given to the consequence of 
the definition alc is: the relation akb is necessary to the 
relation tRc because the reesoning language assures that it 
Meer ole for the target language to modify the intermeciate 
argurent t as a result of achieving ¢Rt. Stated in a 
different way, through ‘tb the relation t8c inherits any 
Eessible changes that previcus operations might heave caused to 
occur to the argument b. 

memes consider the following. First. subgoals direct the 
synthesis system rOmeccomolisn Some tasx.7 in so doing, it 
Meeoauces associated blocxs of code, represented as cl, which 
Meme itsea¢ssociated protected relationships, denoted as ri. If, 
Meeassume that the synthesis system is able to prosess the 
Entire set S ef sutgoals that comprise the procedural 
Mm@ectitgdtioOn, then a prograr P is derived. 

Mewes cume that Program P satisfies S. Therefcre, P is mece 
eect the sequence of blocks of coce C for which no 
Bem traciction or violaticns exist. 

Consider a precedural specification where two subgcals, sl 
ame SJ, comprise the Find-net. When each subgoal is 


accomplished, its accompanying protected relationships are 
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mmeomestanlished, narely ri and rJ. Since relationshios are 
eeeuements about arguments, a violation an Oecur O91, 12°51 
and sJ contained a mutual argument, implied or explicitly 
meaeaesoifilarly, if an argument is only contained within one 


Sunecal, then no circumstance for contradiction exist. 


een LGORITEM 

Miestollowing algorithm is used to cdéscrive more precisely 
the methods for determining the sequence for achieving the 
fEvubzgoals contained in the procedural specification. The 
@algoritrm assumes that subgoals are represented as binary 
relations. Acronyms, variable names, cata structures and the 
like will te as consistent as possible te previcusly used 
Memes and terrs within this thesis. 

me Will show in Chapter VI how task-srecific yznowledczge is 
ictcorporateé MOmEaTe mS Tn UCtUre Of oFMANTICSSECQ.. Again, our 


T 


oreis mot to present a “‘ully detailed reasoning system. ‘We 
PemeeecOmcernced with the treatment cf the entire rrobler 
Seeecification and the usefulness of the semantic net ir 


Memerviqing a sequence of subspéecifications. 


a 





Meee to= of 1S the elotal control fcrocedure “or finding 
Our desiréd sequence. Its input is the procedural 
specification of the original problem and name of the problem 
@omamn, and its output is a sequence of specificctions , 
Mperedy tre sequential achievement of the first, second, etc. 
eee ication, in that order, lead to a solution. The serantic 
nets (i.e., Where-net and Find-net) are represented as 


adiacency lists. 


Pret ocithmesceMANTIC-=SHC ( specification, proo-domain } 


begin 
i, Where=por <--- WHERE vortion of Sprecilicatior; 
ae Puaieaseoreco=- FUND portion of specification; 
ae 3UILI-SANET(Where-net, Where-por)} 
4, Bui voower(hiag—net, Pind-ror}; 
ae REASON (wher =net, Find=net, prob-dorain); 
E. WRITE-SFEC(Where-por, Find-por, Find-netj; 


end SEMANTIC-SEC. ( snecification ) 


cn 
tu 





SUILI-SNET constructs the appropriate semantic net from 
the accorpaning ccnstraint portion (the WEFR? portion or the 
ieieepenrtton) of the procedural specification. SNET is the 
Constructed semantic net that is produced by EUILD-SNIT. The 
Sememere net is constructec by Placing the binary relations in 


the adjacency list using CONNECT. 


Procedure 3UILI-SNET ( SNet, constraint ) 


peein 

ar. S NGipeG oe a 1; 
oe Ogem= lies tex --—s Constraints 
c while Cpen-list not empty do; 

begin 
4. wd oveore G—=— eT irse CON jUnct of Open-list; 
Se Gemece ttret=eonjueect fror QOpea-list; 
e. CONNECT(SNet, binary-rel }; 
o. return; 

end 


ead SUDLE=-sh&? ( SNet } 





Genneselweenvyertse tne binary relation inte its arc/noce 


Mmemmeangd placeS 1t into the adjacency list. Lines 4 through 124 
are concerned if toth nodes already exist in the net. If so, 
Seesude Dinary Operator is already in the label functioa, 
Mme, Or that cvair of nodes. then a duplicete erc Exist. 
memes ¢ ald @ determine if this arc will create a loop, if so, 
eee rror condition. 

Mero Net,20ce) 15 a boolean function that returas TPUE it 
meee, 1S On the adjacency list SNet. Otherwise, it returns 
Bee SE . 


meee UM (node) returas the level that a node resides on i: 


st 


ee) Se€Mantic net. 
LEVESLSEIFT(SNet(node),level-designation) moves all nodes 


Cn a list that have the Sare level designation to an 


t3 
oO 
@r 
(bp 
in 


meeropriate level (i.eé€., higher than any of its source 
mes terrorms the necessary housekeeping like updating the 
meoerlt and LEVEL functions. 


TARBEL(source,terminal) is a function thet labels tne edge 


a0) 


Mm 


Beuween tre nodes source and terminal (i.e., the relatiozal 
operator). 

LEVFL(level-designation) contains all the binary ré€letions 
(subgoals) that reside on level level-designation of the 


Berantic 1ét. 


cn 
if 





cn 


He. 


ne. 
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Procedure CONAECT ( SNet, bdbinary-rel 


begin 
Bia-oo  <-—-—  binery oOperetor of binary-rel; 
SCurmecmee—=—"sedrel of Dinary=-rel; 
Gem deal <--= are2e of binery-rel; 


if FINI(SNet, source) and FIND(SNet, terrinal) then 
begin 
{* LA3SEL(source,terminal) equal bdin-op then 
FPPOCR-RETURN; 
if terminal on the path “rom root 
ComsoCur Ge tien 
Pech ime (Set, bicaary-rel )5 
if LEVELNUM(source) not less then 
LEVELNUM(terminal) then 
niyeor tone (Cerri gal),LEVELNUY (source) ) ; 
ead 
else-if FINT(SNet,source) then 
Peeeubemri nd)  <=-—- Ls¥riNU¥(source) + i 
else-if FINT(SNet,terrinal) then 


Pooh Mi terminal) not equal zero tnen 


LEVELAUM (source) <--- LEVELNUM( terminal) - 1 
euee 

begin 

Poem source) 9<——=— ¢ ; 


LEVELSHIFT(SNet (terminal) ,@); 


enc 





else 


begin 
ne. DEVEENUM( Source) <--- 2 ; 
Gi. LEVELNUM(terminal) <--- 1 ; 
end; 
Be Hodetertinal to Stet (Source) ; 
Bay, add the list headed by terminal to SNet 


such that SNet(terminal) exists in SNet; 


Ze. add bin-op to LA3EL(source,terminal); 
ZO . add tinary-rel to Level (LEVELAUM(termrinel)); 
Ze, Ge tut a; 


end CCNNECT ( SNet ) 


REASON(SNeEt1,Level-SNet<,Prob-dorain) achieves the 
mee cals contained in the Level structure 97 SNete ‘i.e., the 
fend ~1e t ) by MmreomeOonatige ther ia Sieti. SNetl represents the 
meet stave. Line 7 determines the manner in which tne 
meecals will be retrieved from the Sind structure. Such a 
Mmeeeer 15 troblet domain dependent. Line $ 9° REASON 
Memeersines if the subgoal causes a violation by reviewing the 
effect of the binary relation with the particualr critics 
gallery defined for score some vrobler domain. 

When the Hold-List is empty, all sutgoals have deen 
successfully placede or achievec in the SNet1l. Line 14 


Peeters Item yerrperequisites can be achieved from any of 


the subvgoals that were prevented from being achieved in SNetl. 
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Not téeing able to establish any prerequisites means that the 


¢ynthesis system is not able to continue the process (i.é., 


Magee subeOalS on the hold-List can not te incorporated into 


Mmieeonetl). Lines 15 and 1€ show how the FIND portion cf the 


megeeaural specification is modified with prerequisites. 


ieccedure niAoCN ( SNetl, Level-SNet2, Prob-dorain } 
begin 

POCr we —— TRU ns 

while LOCP do 


tegin 

SNe ONL Es 
SimLevel <--- Level-SNeté; 
POs Gc —— ef pty; 


Div omoimee vel enol Erpty do 
| begin 
binary-rel <--~ CRITIC-~2(SimLevel ,Proo-—domain}; 
delete tinary-rel from start of SimLlevel; 
ie CCONFLICIS( binary-rel, Frob-domain) then 
aecmermaryv-rel to Fold-list anc 
add established prerequisites cr 
tinary-rel to Invariant-list 
2) Sie 
update SimNet with dbinary-rel; 
end; 


Piero oaef 2S Empty then 


a 





te. Petury; 


a, if GENERATE (prerequisite,Hold-List) then 
olay al gl 
ee, add rrerequisite and Invariant-list to 


appropriate level of Level-SNetz; 


re. add prereauisite and I[nvariarnt-list 
to SNete; 
enc 
e1se 
re EC Ca eS 0) 
end 
ee. OearUl no solution, current value of Fold-List and 
es ERFROR-RETURN 5 


end REASCN ( SNet2, Level-SNet2 )} 


meee Ho 1s the output sunction of SEMANTIC-SEC. the 
where-por represents the WHZRE portion of the criginel 
Mmeocecurd! specification. Level-SNetz is the goal state that 
has been possibly modified ty edding prerequisite sutgocls 
ego, Ordered in a sequence that if solved by the sy athesis 


Ssyster a solution is rrovided. 





ee 


et. 


EEoceaure BALIM—=GPEC (awhere-por, find-por, 


Level-SNetz ) 


begin 

I <e-- starting level value for Find-net 
(€.g., top or bottom level); 

Start-goal-list <--- wheré-por; 

meee odes 6. S==— null; 

welcome st <=-— find-por; 

Merkine—-sNet2 <--=— Level-SNet2; 


while Working-SNete not empty do 
begin 
add all tinery-rel of level I of 
Omen ovetc Ge NExt—Zodi-list; 
delete level I from wWorking-SNetce; 


¢ 


outout ([(@EERE’ ,start-goal-list, )(FIST’, 
next-2goel-list,°)]°3 
uodate value of I; 
Sue oor laste <-—— = fext=7odl—j1ist; 
end; 
output “[(WEEPE’ ,start-goal-list, )(FINI’, 
orig-goal-list,°})]7;3 
end WRITE-SPEFC ( sequence of specification, anc 


Level-SNet2 ) 


aS 





fee ee PAL CN Ce METECDS IN TEE ELOCKS WORLD 


A. GENERAL 

The methods developed ir Chapter V for determining a 
Sequence from the subgoals of a procedural specification will 
Be applied to the problem domain called the Blocks Yorld. Two 
Exanples are presented. The first is a classic one that has 
come to be known as Sussman’s Anomaly [12]. It represerts the 
Meaty Of these methods with nonlinear kinds of probleme, the 
achieving of one subgodl inhibits the achieving of another 
Peeemeeumouen a solution still exist to the protlem. Ine second 
example is also of Sussman’s. It shows the ease with which tke 
Mmeereduisites can te incorporated into these methods in crder 
to €xpand the protiem domain ii.e., increase the power of the 
Synthesis system). 

Siemenocee@ in this chapter to descrite the Flocks orld, 
etate its rules, and give the semantics of some 3locks World 
Operators. We then follow with some task-Spé€cific z-nowlecge 
moc, tne Blocks World which allows us to then make specific 
Mave rpretations atout possible connéctionrs tetweei1 arc/noce 
meructures in the semantic net as it pertains to the 3locks 
Bomed., saese things having been presented, the retnods are 


then applied to two examples. 


m 
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Pememianthy, Nowever. the aim is 19t to develop or present 
@ complete reasonine language for the Elocks World; thet 
MeeoseS the point. sather the gcal is to show that it is 
possible to consider the procedural specification in toto , 
and sequence all the pieces of the specification in such a 


way that these sequenced pieces , if solved, provide a 


eemeycion to the problem. 


re ELOCCKS*WCRLD 

maemscenerio cf the 3locks World environment is a table 
feeb rOcKsS on it end a robot that moves the blecks. The 
meeerensconain is characterized as leaving tne problem 
“reasonably SOM@meGbee wig t 15, CNe #124 or goal worticn of 
Mmiemprocectral specification is only concerned with é€ vart of 
the universe of diccourse;s the otner olocks are lErlt to tne 
Memecretiond of the robct. Under such circumstances, the robot 
leaves MN unspecified Dioaks o7 sthe tacle. 

Memeemres of the Slocks ‘Yorld 


mre rube<e of the 3locks World are as follews: 


SeoOperetors for moving ot jects allow 
Oi yeone ObjJeCt tO be moved ata tire 
Paths t MUsSseenot Dave deny ninge.on top 


Of 1.0. 


(@)) 
}— 





mC mUWo SOU VeCuomcah Occup m thesaseare 


PoeCCmCULMeer Foe sare tine. 


Dlteemonereot tne EwOo actove rules is 


Violated an error results. 


eeeeeoerantics of the Elocks VYorld 


The meanings of the relational operators of the 


Mecsoni7e language and the operators of the tarzet language oF 


the synthesis system for the Blocks World are as follcws: 


operator 


is-cléar 


reaning 


Given that two blocks exist, 
(iempotwa 0), 15 true if tlock 4 is 
UpGmeploemec. “Otherwise (is-on a 5) 
is false. (is-on a a) iS vacuously 


TTUC Sor Gayo lock a. 


(is-clear a) is true if and 

only if (is-on aa) is the only 

Unica on Telationsiip., Lo keep 

the binary format, {is-clear TUMMY a) 


is ecuivalent to {(is-clear a). 





put—-on cut-on yams) causes block a to 


be placed upen block b. lrplies 


iiatmeits=-on a b) 1S then true. 


elear (clear a) remove all other pleccks 
BeOnmenemr ODO ce DLOcm od. lrplies that 
(is-on ao a) is the only is-on 


MelevuOmwsny Onl rue {Or DL6Cck a. 


khen we speak of the semantics of an operator we are ct only 
Mmeenmessing the actions performed but also we are addressing 
meemrelaticnshirs that cen be xncwn or ié€rived if the operator 


is applied to some environment. 


Mee TAS K-SPECTIFIC KENCWLEDGE 

Pomoveated earlier any problem domain will require its cw2 
task-specific knowledge. These rieces of knowledge are called 
Mmetacs and are vwseec in solving particular instances from the 
Erobdlem srace of the chosen domain. Femember, our concern is 
not the synthesis of machine code for some target language. ie 
feeeconcernec with instances of reasoning from the reasoning 
language. That is, what are the domain particular kinds of 
Mmiortmation we need to decompose protlemrs into subproblems? 
mence, tne critics herein refer to the réeascning language of 
mene 3iocks World. fhe desire is to employ those critics that 


Bave the widest scope of applicability over tne domains we 


ES 





ameeuG HEED the critics gallery as small as possible for 
obvicus reasons (e€.g., search). 
mememeritics suggested for use with these rethods are 


SPmobesanc general in nature. They are: 


Doetc mea 10 melation (subeoal) from the 
Dimie@snetmrs allowed to be included ist the 
where-net that hinders or violates the 
PNCuustomaneGt Some Other relation or the 


Find-net. 
MruicCoem = sSecuence plags begin fror tae 
bottom of the tree (i.e., fror 


the largest level numter). 


‘Critic-2 - establish as many prerequisites 77 tne 


Peete l diamepOss ele Wit tout impecing any sucecal. 


peegmr the procedure nZASON of SiMANTIC-SEO. In 


[oF 


memeicitar, lines 7, S$ and 14 of REASON represent Critic-<d, 
Mmecic-) and Critic-3, respectively. Line 7 results in 

meer vine the reascning rrocess frem the tottor cf the net by 
Merracto de SUbgOdl1sS from the level list having the larzest 
mevel designation. 


feeenemo res los in the following. If the current sutgoal 


violates a orerequisite needed to achieve the Find-net, then 


ES 





meemerct ion iS not dllowéed. Note that CCN#LICTS could certain 
isolated procedures for many problem domains. We assume that 
eemerpueoperator in the Blocks World has created for it an add, 
Memetve dnd precondition lists of ([15}). That is, when an 
Meemavor Of the reasoning language is arrlieéc it deletes all 
Mmemeeronus On its delete list from the global protect list that 
mepresents the current state, and adds all relations on its 
oomenist to the protect list. Therefore, we might have the 


Pemoe Structure: 


Ser PLicTS(tinary-rel, Critics-gallery) 
begin 


Case (Critics-gallery) of 


ee 


(3locks-world): 
imme ll eCimedt (me Delete-list for biaaryerel 
ioc nne Leme tyes mero Tect—lict 
Then 
return(CONFLICTIS <--- TRUZ} 
ise 


return(CCAFLICTS <--- FALSE); 


Sena ccks-werld; 


‘other domain): 


ca 


eae CONFLICTS 





Line 14 of REASON represents the effect of employing 
Meecse. LOTre violation wasS possible which caused a sutgoal 
momee Dlaced on the Hold-List. Other critics have been unable 
to achieve the final goal state (i.e., incorporate all the 
Seueeoadls of the Find—net without an intervention of a critic). 
Therefore, the requirerent is to deéterrine a prerecuisite that 
is needed to estatlish the goal state. Therefore, GENEFATE is 


as fcllows: 


GENFRATE(prerea,Fold-List) 
pe? i1n 
Peered <—--— 0)); 
meereg=115t <-=-- 2uil; 
uceewte rast <-—— Gill; 
mernGebe<ce—— svert cf Fold—List; 
while (not end-of-Eold-list ANTI vrerea eaual null) do 
Damanverele<=-=— Next subeoal on Eold-List; 


update pointer to next goal; 


PaO <--=— Op Of Ol1Nanry—=rel 
eee first adrgureit of Cinery-rel; 
aeueeome-—— Second areurent of Oitary-rel; 


Case tin-op of 
(is-clear): 
Tf find (clear argé) on where-list Level (1) 
then 


add (is-cléeadr arg2) to invariant-list 


ec 





prereq <--- (clear arg2); 
add prereq to prereéa-list; 
end; 
(is-on): 
If find (is-on argi arg2) on the where-level list 
Level (Levelnur (arg) ) 
T2235 
add (is-on argl arg2) to invariant-list 
al Se 
begin 
If find (clear argl) and (clear arg2} 02 
where-level list Level(1) 
then 
begin 
add (clear arg2) and (clear argi) to 
VAveriant-1ist; 
prerea <--- (put-on argl ar22); 
add prereq to prereq-list; 
enc 
Flse-If find (clear arg2) on where-level 
list Level(1) 
thea 
roel 2 


add (clear arzgzZ) to invariant-list; 


Ev’ 





prereq <--- (clear argl); 
add prereq to prereq-list; 
end 
Flse-If find (clear eargl) on where-level 
list Level(1) 
then 
begin 
add (clear arg2) to invariant-list; 
prereq <--- (clear arez); 
aCmemmenreq. FO  orered=) 150 ; 
2G. 
kise 
prereq <--- (clear arg1) and 
(clear arg2) 
encur=t Nen-elseqi 2; 
add (put-on argl argz) to prerea-list; 
end-i1s-cn 


~~? 


(cther reasoning operators) 
end-Case 
I? prereq equal null 
then 
return (GENERATE <--- FALSE) 
ec 


return (GENFRATE <--- TRUE); 





end GENERATE 


A point to te gained from GENERATE is that cther réasoning 
Meeravors for the Blocks World, as well as other comains, can 
Memedstiy added as the scope of the protler dorain or 
Synthesis system increases. Additionally, and as well as being 
afine point, when a prerequisite is générated it is générated 
Moeverns Of the target language. [In this case and from the 
perspective Op antemreasoninetstaneiarte, the penerated 
meemecuisite is a condition that rust be accomplished. 
mierefore, the reasoning syster issues a command (i.e., 


Memreve this gcal: put-on, clear, é€tc.). 


Meinl Pt RPRETING TEE SEMANTIC NETWORK 

Let us Poco rertat Fleure 2.6 Means ia the slocks «world. 
fmerre €.1 shows the cossible isororgnic nets with their 
asscciated Blocks World interpretation when using only two 


Mmee0dlS dnd the operator is is-on. 








D C 


Figure 6.1 


Blocks World Interpretation of Isomorphic 


Nets Using Two Subgoals 
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EF. SUSSMAN’S AANCWMALY 


The procedural specification of Sussman’s Anomaly is° 


[(WEERE (is-on c a)({is-clear c)(is-clear b)) 


(FINI (is-on a b)(is-on bd c))] 


Figure €.2 shows the anomaly in the 3locks World format 


Mametne serantic net forrat. 


(Dummy ) Level 0 


So “@ _Level 1 





Level 2 


S50: initial State Where-net 


@) LeveL O 


Level i 





Level 2 


Go: Goal State 


Figure 6.2 


Sussman's Anomaly in Semantic Net Format 





let us consider the nonlinear nature of Sussman’s Anomaly. 
If either conjunct (subgoal) is independently achieved tnen it 
must be undone in order to achieve the remaining sudgoal. 
Also, as the first achieved subgoal is undone to echieve the 
mweeomemsudgoal, an infinite loop of robot actions is created. 
This is the protler which Sussmran’s HACKER could not optirally 
solve [12]. Again, we can see why Waldinger in [8] insists 
upon protected relationsaips not being temporarily violated. 

mmm rings are cbhviovs at this point. First, the problem 
is solvable; we place tlock c on the tattle, then place block »b 
feeperocs’ Cc and then place block aon block b. Second, cur 
Crevics help provide a solution. Let us see why. 

First, from the procedural specification we can easily see 
meee Our Tethods will correctly construct the semantic nets 
ieee ne anomaly. Let us see how. SEMANTIC-SEC is invoked with 
bie procedural stécification for Sussman s Anomely. The two 
Meee turdints of the spécification are somehow isoleted and 
assigned to the variables Where-por and Fine-por. Then, “for 
meen CO2Straint, a semantic net is constructed ty invoking 
BUTLE-SNET. To construct the Where-net, EUILD-SNET is given 
the parameters ‘Where-net and wWwhere-por . Wwhere-net is the 
mare that will be given to the constructed semantic net. 
“Where-por is the specification to'which Where-net is to be 
mimeit. ne Find—-net is constructed by invoking BUILD-SNET with 


ind-por . 


xf 


"Sind-net and 


Ce 





Mm omeoveommoweseachea Line 3S of SEPMANTIC-SEC. BUILD-SHET is 
ieked. Ke see that FUIID-SNET begins by initializing the 
adjacency list Where-net |, and placing “Where-por’ ina list 
Structure. We see that EVUILD-SNIT takes é€ach conjunct 
(subgoal) and places it in the semantic net dy invoking 
feo in line € of EUILE-SNET. Note that EUILI-SNtT ends its 
execution when the list structure Open-list is empty. 

bromeeo this point we have invoked SEMANTIC-SEQ with the 
Erocedural specification for Sussman’s Aromalvy. It assigned 
meen two constraints to Variables, and is in the process cf 
Elacing the first Subgoal of the Where portion of the 
specification intc the semantic net Where-net . Line € of 
Beet i~sNET haS now exé€cuted. 

CONNECT begins by decompcsing the binary relaticn (i.e., 
cubgoal) and assigning the its parts to variables, lines 1 
memeuen 3. Lines 4 through 1@ are concerned with cenditions 
ween HOth arguments of the binary relation exist in the 
meueeermomret. oince this is the first connection, processing 
meeconvinved,. Since neither node exists in the net, the levels 
Sumewnien the source node and the terminal node will reside are 
reccrded, linés 146 and 1¢ respectively. The actual placerent 
Oeecne Subgoal into the semantic is accorplished in lines e¢ 
and <1. Then the labeling of the arc is accomplished, followed 
Mp lacine the entire relation on a list structure that 
corresponds to the level of the terminal node (i.e., the 


me caleis On level 1) in lines 22 and 22, respectively. Then 





momerpine <4 control is returned to the caller, BUILI-SNET. At 
mse point, the first subgoal, namely (is-on c a), hes teen 
rlaced in the Where-net named where-net at level 1. 

Contrel is passed to BUILD-SNET. Since Cren-list is not 
Spry yeene next subgoal is retrieved from it and then deleted 
meer it. Control now rasses back to CONNECT. 

The status of Where-net is that it has one connection in 
it, narely (is-on c a). Note that DUMMY always exists in the 
met at level @. The next subdgoal to te placed in the net is 
(is-clear c), although we use its equivalent form (its-clear 
IUMMY c). The sutgcal is decomposed as usual but cn this pass 
ef BUILI-SNET, both nodes already exist in the semantic net. 
Therefore, lines 4 through 12 are executed. 

Miemcondition (1.6.. both nodes of the current subgoel 
Megat in the net) of line 4 is true. So then, at line & a 


- 


check is made to see if the current suodgoal is a duplicate. It 
Meyct because there is no latel LIUMMY,c in the labeling 
mmerysoo LASFL(source,terminal). Then, going on to line 7? of 
PEL L=SNET we check to see if this connection will cause a 
Toop in the semantic net. It will not, so we do not localize 
mae loop. 

Mopemiouiae with CCNMSCT, the condition in line S is tested 
mieei1s trve. Therefore, our virst subgoal is shifted to the 
next level (i.e., node c is moved to level 1 end node a is 


movec to level Zz) and the appropriate uncating of data 


meructures is acccrplished to reflect the move. Then control 
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transfers to line 21 and the connection tetween DUMMY enc node 
Seo race. figure €.35 shows the current state of the Where-net 


for the Sussman’s Anomaly. 





y 


Where-net 


Figure 6.3 
Current State of Net for Sussman's Anomaly 





Since the Open-list of EUILD-SNIT has one remaining 
evubgoal, CCNNECT is invoked again. This causes Cper-list § to 
mecone Erpty. Since node bis not in the semantic net, control 
meeoeoe Oo lines 11 and 12. The level designation of the 
memnrernal 15 placéd on the next higher level from the source, 
Bemce it is the source node TUMMY that exists in the net. 
Peeeerwards, the ccennection is rade between [TUMMY and nede b 
and control then rasses to 3UILI-SNET. Since Cpen-list is 
Meoweenrpty. control now. goes back to SEMANTIC-SEC. 

The Where-net Where-net has now teen completely 
Memetructed. Therefore. in SEMANTIC-SEC line 4 is ex@€cuted and 
emeorrespoOnding semantic net is constructed for the Find-net 


“Find-net . Figure €.4 shows these nets. 


© 





Where-net Find-net 


Figure 6.4 


Constructed Semantic Nets 
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fens DOIN’ in the Algorithm SEMANTIC-s#@, botno serantic 


Meeemnave been constructed. The tasks left to be acconvlished 
are to reason the sequence of specifications, if possible, 
mimenmmemmt ther. This puts us at line £& of SEMANTIC-SEC. Ye 
see that the procedure R&ASON is invoked using the two newly 
constructed semantic nets, where-net and Find-net~ 
resreéectively. 

Since the task at hand ig to reason , let us see what 
meces Gf information (i.e., data structures. rules, etc.) are 
availatle to perform reasoning. Figure €.© shows the data 
Structures aveailarie as a result of constructing the semantic 
mecS. 

Meditionally. there is the task-specific knowledge that is 
availatle that we refer to ‘in toto as the Critics Gallery. 
Mumeeiga, ec, the critics we present are concerned with the 
“reasoning. ScSvecccrO, ble UrOONemenegalt, tHe goal herevis to 
chow that semantic nets can be used to determine a sequence of 
eeecifications. 

HOlmemunat OUr overall strategy is to start from the bottor 
ef the net in cetermining our seavence. This informetion is 
mpovided ty Critic-2. The reason for this information is 
meme le. oince we are constructing something physical, the top 
—<¢f the goal state represented by the Find-net corresponds to 
mae top of that pnysical structure. In our farticular case. 
mae top Of the semantic net represents the top of the 


mearwycture of blocks. Therefore, since the Blocks World makes 





qeU-sTOUM 


SVON SuTplting Teysyy seanyonszyg eyed 


G°9 sINST I 





TeqeT-purta UNUTSAST PUTY 


Teqey-9719uM UNUTSAST oTOUM 


ATewouy s,ueussns 





TeAeT-puta 





ToAeT-3790UM 
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Mommoreovilsion to suspend blocks in mrid-eir, we tegin 
Sommestcruction of the goal state from the ground (bottom of the 
semantic net) upward as we do with most other physical 
S@metruction (e.g., cars, houses, etc.). 

As such, an updating of the Where-net will be attempted to 
reflect the achieving of the subgoal (is-on bc) from the 
Find-net. This urdate causes an intervention from the critics 
gallery, r1amely Critic-1. If the update (is-on 0 c) is allowed 
in the Yhere-net, then the suodgoal (is-on a b) will be 
impeded. This could pe reasoned from tne following facts 


(rossible implementation scheme for Critic-1): 


- to estatlish (is-on ab), the indegree of node a 
must be zero (i.e., (is-clear a) is true), 


emo the same must be true for node t. 


pmete path length from node a to the root 
Wao and now it is 2 which impedes a 
prerequisite of (is-clear a) if (is-on a bd) 


can be achievec. 


let us see how these conditions can te reasoned. The 


prerequisites for an is-on relation exist if doth ergumerts 





of the relation are on level 1 of the Level-SNet1 and ere 
toth contained in an is-clear relation. We see in Figure €.& 
that such is the case. So then, the subdgoal (is-on bc) can be 
accomplished. 

For the next condition, we find what level node a is on by 
IEVEIAUM(a). Then it is determined if node a is on the path of 
node c. This is also determined by Searching the list 
‘Where-net(c}”. From these conditions Critic-1 prevents the 
ection ({ic-on bc) from being accomplished. with that being 
the casé, line 14 of REASON is invoked and GENERATE puts a 
meereauisite for a sutgoal on the Hold-List. Since (is-on bp c} 
ras its prerequisites already established, the prerecuisites 
for (is-on a b) i¢ attempted to be determined. 

If no vrerequisite can be determined within the structural 
Mmerarcny Of the Critics Gallery, then SEVMANTIC-S2@ is unable 
tO provide a seaqvence. But in this case, however, it is eesily 
@etermined that the prerequisite needed is to cleer block a. 

Fere is a fine point: Since the prerequisite does not 
mms tS, it therefore rust be accomplished So the reasoning 
mamenaze has to direct the target language to achieve it. 
Therefore, the prerequisite is generated in terTs of target 
language instructions. Importantly. other corcditions that are 
needed must remain invariant. For exemple, when the reasoning 
language determines that the prerequisite to clear olock ais 
Meavired, several things must be accomrlished. First, the 


maazodievo Clear Flock a must ne generated. Then the alréacy 
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estatlished vrerequisites for other sutgcals, namely (is-clear 


t) and fisc-clear c) must be maintained, must not be violated. 
Therefore, the sutgoal to clear block a iS constrained by 
adding (i.e., logical AND) the established prerequisites of 
the other subgoals. 

The results are that we can seé that adequate reascnineg 
meee saccorplished by using the semantic net. We see in lines 
Mmemanc 1€ that the structures are updated with the 
Meeerecuisite and inveriants. 

Meee returns control back to SEMANTIC-SEC where line 5 
is executed. There the output function is invoked and the 
meemence of specifications iS output. Figure 6.€ depicts it in 


the ANT/OR graph form. 


et 





| (WHERE So) (FIND Go) | 









[(weaRE So) (FIND z1)] [ (wee g3) (FIND Go) ] 


[ (WHERE 21) (FIND g2)| [Coa 22) (FIND 3)] 


So = ((is-on c a)(is-clear b)(is-clear c)) 
Poe ts-on 2 b)(is-onebee)) 

gi = ((clear a)(is-clear c)(is-clear b)) 
e2)= ((is-on b c)) 

g3 = ((is-on a b)) 


Figure 6.6 


Sequence of Subspecifications for Sussman's Anomaly 
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EF. SUSSMAN“S SHCWING-OFF 

Pee example is also taken from {12] of Sussmeaen’s. wWe 
Mmesetb it because it shows the ease of updating these methods 
to expand the power of the synthesis system over e vrotler 
momain, and it shows how the meaning of the interpretation 
given to the possible connections of the semantic net can 
memeotr a specific problem domain. Figure €.7 shows the initial 
meace, goal state and the procedural specification for 


Perowine-Ctff. 





slot Initial State Go: Goal State 


(WHERE (is-on d a)(is-on f e)(is-on ¢ b)) 
(FIND (is-on d a)(is-on b e) 

(is-on a e)(is-on ¢ e) 

(is-on f d)) 


Figure 6.7 
Showing-Off 


as 





Meemmoint of interest in this example is quickly seen when 
we Observe the Find-net, which is shown in Figure €.8. We see 


that the terminal node, tlock €, fas an indegree of 3. What 


aed 


Mees mean to the synthesis system as it currently exist 


mies. vresent set of defined operators, critics, etc.)? 


Find-net 


Figure 6.8 
Find-net for Showing-Off 


OD 
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meee) that the rules of the Blocks World provides the 


Memeertet100 that 10 two objects can occupy the same space 
Meenemune same time. How is the enforcement of this rule 
Seeertuained? It now becomes obvious to us that the current 
cynthesis system for the Slocks World can not accommodate 
rrotlems where any indegree is greater than 1. Likewise, the 
[meee pretetion given to an indegree greater than 1 is 
imeertant. If we interpret such a condition tec rean that 
mmgceoeare ocCupving the same space, then a simrle critic can 
Bemaoded to the critics gallery that would sirply disallow 
cetera problem. That is, the synthesis syster would output 
maeueno solution is possible. Otherwise, there is the 
Mmeemetcation that tlocks ere of different sizes; this 

moe rpretation allows a variety of possitilities within tne 
eeeiler dorain. 

For different size blocks, the Synthesis system recuires 
fore knowledge in its reasoning language (e.e., know size of a 
tlock, determine available space, etc.). This additional 
Pemowicd2e will result in adding other reélaticnel operators to 
Mmead>soOn this information. Sirilar operators are addéd to the 
target language to rearrange (e.2., shift-over, maxe-rcom, 
mee) blocks on tor of some block, or for a block on tcp of 
many dlocks. 

Lét us assume then that we have tne additicnal operetors 
Meme roimieces.  rFarticUularly, we have a critic, critic-¢, that 


memcerns itself With the multiple indegree of a node. Also, we 





have the relational is-room that determines if space is 
available for block a on some block b. That is, (is-room a b) 
memewuee if there exists on block b room to place block a. 
Ctherwise, (is-room a b) is FALSE. Because we are concerned 
with the exact positioning of blocks on a single block, we 
rrovide the relational is-next2 that means block a is 
adjacent to and alcng the side of block bt (i.e., (is-next2 a 
t)). Furthermore, we note that is-nextz is a reflexive 
mema>iondal oroperty. That is, (is-next2 a b) if and Onda 22 
Mees exte t a). Consequently, the use of Gane? causes a 
moore, in the semantic net. 

Berore invoking SEMANTIC-SEC witk the specification that 
defines Showing-Cff, we augment the specification in the ind 
Memetraint with the relationships (is-nexté2 b a), (is-next2 a 
tT), (is-next2 ac) and (is-next2 c a). Figure 6.9 depicts the 
Meee -net and micmeytac-Vetmron tne MOcCiTLe€d specification of 
enpowineg-Off. Note the loop created on level 2 of the Find-net. 

As 3FASON begins to reason the sequence of 
ecrecifications, let us nete the more interesting asnects of 
Meee crocess. When a level 3 task is selected, critic-4 will 
Make known tne fact that node e has multiple indegree. This 
then causes all isc-on relations coring into node e to te 
iecated (e€.2., find all level 3 task with is-o1n where arz2 of 
is-on is node e€). When the is-en relationships are known the 
m—room relation i¢ then applied. For exarple, it might appear 


ass 


EG 





~ bhd 


Where-net 





Figure 6.9 
Where-net and Modified Find-net Using Is-next2 
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mwoom: if (sizeta) + size{b) + . . . + size(n)) 
less than or equal 
size(e) 
then 
1S TOO aa 
else 
WS=EOOte me. -=— Salise; 


return(is-roor); 


If is-room returns with the value False then REASON knows 
meeeve it 1S not possible to place all the blocks on block e, 
and REASON would invoke an error-nandler. If is-room returns 
TRUE the process continues. We assume is-room is TRUE. Recall, 
however, the relation is-next2 causes a 1loor. Therefore, the 
meees Db, a2 and c are considered as a single entity. That reans 
that the Weerer cs relationships are all considered en masse. 

Let us consider the affect of the en masse treatment or 
Meees dy, © and c upon level 3 tasking. Since all the is-on 
relationships of level 2 are involved in the “en masse’ nodes, 
PeeecOntrol structure does not allow any level 3 task to be 
accomplished until REASON (or some other rechanier) can 
@enreve the effects caused by the loop. AsSure that the 
ordering of the nodes a, b and c are accomplished. This tnen 
supplies the ordering for placing blocks onto block e. REASON 
Meow ies DON, Of trying to establish if the tlocks bh, a 


ma C, 22 that order, can be placed on clock e. 
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mommeadcn {S5—0n of Level! 3, the WEhere-net is considered to 
determine if the appropriate prerequisites exist. This being 
done, the level ¢€ tasking causes the following to be vlaced on 


the start of the Find-net: 


((clear b) (is-clear c) (clear e€) (clear a)) 


When this has teen dene, REASON atterpts to reason the 
meat level of tasking, namely level < tasking. The Where-net 
hs EXarined for the existence of the prerequisites for the 
level 2 tasking and would find that some of the tasking is 
already achieved. Recall, some of level ¢< tasking was 
implicitly achieved because of the en masse consideration 
Peemen te the loor on level 2. This consideration postpened 
level 3 tasking, tut it also caused level 3 tasking to be 
mere vea in an ordered sequence that partially achieved level 
e tasking. That is, tlocks a, b and c were rlaced in their 
specified order. The remaining level < task is fis-on @ a). As 
mmereciilvecr Clearing tlocks ¢«. € and cb, the slock d is not 
necessarily cleared . However, from the previous examples we 
kKnOw that SEMANTIC-SECQ can sequence the remaining tasks of 


showing-Cff. The sequence of spécifications for Showing-Cff is 


chown in Figure €.19. 





JJO-#utmMoug TOF suotyzeoTsroedsqng jo souenbas 
OT'9 emnsty 


((P F wo-st)) 
((e P vo-st)) 
((e@ 9 Uo-sT)(2e B uo-ST)(9@ q UO-ST)) 
((@ 9 gyxXou-ST)(O @ ZyxXEU-ST)(q e Z}XOU-ST)(e q Z}xeu-ST)) 
((e Le2TO ) (2 Lea ) (9 LesTo-St)(q ZeETO ) ) 
((@ 9 ZyxeU-ST)(9 e@ Z}xXEU-ST) 
(ieee? 1Xou-Gr) (eadugtieU-o) (Pay US=eT jen uo-ST)(@ @ UO-ST)(a q UO=SE | (ep U0-ey))) 


((q 9 uo-sT)(e J Uo-ST)(e Pp UOo-ST)) 


[ (+8 ANIad) (€2 aan) | [cc NIA) (22 aH) 
l(s3 CNT) (472 aan) | [(z CNT) (12 awaHn)| 


[(on CNT) ($2 mTaHN)] | [(1 ANIa) (0S aaHM)| 


SVE 


[cop CNI4)(°S SHAHN) 


G3 
C3 


7a 
1 Rs, 


O$ 
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Wii. CIBER PROSDEM LTOMAINS 


A. GENERAL 

It is desirable that the methods used to determine a 
sequence of specifications be as général as possible. That is, 
we want SEMANTIC-S3IC to be applicable for as many problem 
Memes dS 1S possible. Currently, we de not know hew general 
SEMANTIC-SEQ is. 

Fowever, there is this e€ncourdging aspect abdout 
SEMANTIC-SEQ°S score of applicability. We know that mr-ary 
relations can be €asily converted to binary relations. 
Consequently, the erity of a problem domain’s relations snould 
mot excluded the problem domain from being considered py 
SEMANTIC-SiC. Mic loge ci ee thes incerlvine cata structure ia 
SEVANTIC-SEOQ is a graph, there are many optimally constructed 
algorithms for ‘rrecessing grarh and tree type structures. 
Also, tree type structrues are commonly used in our everyday 
rrotler-solving activities (e.g., decisicn-making). AS a 
meemivyewe are lixely to find a wide variety of domains to 


mame n WE can aprly SEMANTIC-S1iQ. 


Meee NON-SLTOCKS WORLT EXAMPLE 
Hemeonsicer a Non-Blocks Wcrld problem to provide insight 
Seiowtetme Scope Of SEMANTIC-SEO. [In so doing, it is noped that 


mined viacies and cossitle extensicns can be realized for the 


on 





Purpose of increasing SEMANTIC-SEQ°s power. Therefore, 
@eonsider the protlemr of sorting some list of nurmters and 
mepaime sore i-th elerent of the sort. We cefine Sort: List 
peeeelict. where List is the set of list of natural numbers. 
(Sort x y) means that the list x ig the input and y is the 
Semued List after achieving Sort. Hurther, ye is the second 
eement Cf the well-ordering of the sorted list y. A 


Memeoriotion of Sort is: 


[(WHERE(x and y are list of natural aumbers)) 


(FINE (is-perm x y)(is-ordered y))] 


The term (is-perr Ll L2) determines if the list Ll ard the 
meee te represent a permutation of each other. [S-permr returns 
Maeevalie TRUE if Ll is a permutation of L2. Otherwise. 
PSaperr returns the value FALSE. The is-ordered relation 
memermines the well-ordering property of some list of 
é€lemrents. 

Therefore, given a specification to the proolem of sorting 
meee tinding the i-th value, we would expect SEMANTIC-S20 to 


mmebe the following structures shown in Figure 7.1. 
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Sort and Find Example 


We assure that the structures shown in Figure 7.1 are 
feet. in which direction doés REASON tegin to act upo8On the 
Find-net? what are the preéerecuisites for the relations? ‘ke 
tegin to see that the user rust provide SEMANTIC-SEC with the 
information to perform reasoning. 

Peviewer, let vs continue with the problem. Cur intuition 
Memls US that we ¢hould process the find-net from tov to 
tottom. That is, we achieve is-ordered and then achieve 
is-equal. Intuitively, we feel that this may te a feasible 
Proce nm to protlems in this domain (i.e., start from the top 


@eetne net). But is this approach valid for all protlemrs in 


the domain? 





Before addressing the issves that have been raised, let us 
consider ea slightly more complicated example. We would like to 
ema tist of nurters and then find the meciaz element of the 
sorted list. What makes this example interesting is the fact 
that the computation of the median dépends on the input list 
having an odd or even numter of e€lemrents. For instance. if the 
length of the list is odd then the median is FLCOP [(leneth / 
Zz) + 1)] element of the sorted list. Otherwise, it is the 
memaee of (lenett / <} elerent + (length /Z + 1) element. 


Therefore. suppose the specification of such a probler was: 


((WHERE( x and y are list of natural numbers) 
{ 2 {¢ real number) ) 
(FIND(is-perm x y)(is-ordered y) 
(is-median y 2))] 

We cao Easily see that structures similar to Figure 7.1 
would be built from such a specification. Furthermore, it 
becomes otvious to us that SEMANTIC-SEQ must have the 
capatility to know which type median, odd or even, the target 
memeuage Fust comrute. in short, the task-snecific knowledge 
fer such a domain rust provide the necessary structure and 
Mmerational test. Specifically, CONFLICTS and GENERATE rust 
grrovide this information. for exarple, when the prerequisites 
monecne Overator is-median is being determine, the condition 


that its oddness be known is required before it can be 





included in the Where~net. For instance, a relation is-odd(y) 
could be made where y is the list from which the mecian 
menue is to be determined. Based On that test, the 
appropriate formula is then selected and added to the 
Trereq-list in GENERATE. Again, when we consider the relations 
involved in the sorting, likewise prerequisite test can be 
mages and Structured to produce the apgrerriate commands to the 
target language. 

Meese Drings us to the matter of the crimitive operators 
that aré availatle to the reasoning language. Recall Smith in 
[E€] defines a top-down program synthesis system. If we can 
eeeert smith s structure and if the rprotler domain can be 
deéfired in such an environment, then much of the inforration 
that SEMANTIC-SkQ requires woule already exist in the top-cdcwn 


Seo UCI. 


C. INADEQUACIES AND EXTENSIONS 

pee lC=SiQ has the following inadequacies. First, the 
user is burden With suprlying very detailed information about 
memonouren dordin. For exarple, he must know the special 
MmmenrcserOr Cach relation. Secondly, the choice of 
Mienenpequisites is dependent upon the primitives in the 
Peacsoning language. Further, SEMANTIC-SEC provides only one 
level of detail. That is, the system NCAH in (11] is able to 
yrovide varying levels of detail about any subdgoal until 


rrimitive level events for that sutgoel are reached. 
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meee tt C=s'Q, On the other hand, can only provide the sare 


level of detail about a subgoal as was frovided it on input of 
lees pecification. SEMANTIC-SEQ dees not ctrovide eny 
information when the entire Find constraint of the 
meecification results in a loop. 

momcaioOndally, the characteristics surrounding the ordering 
famrormatting of argurents within a relation is not fully 
understcod. For instance, whicn argument should te listed as 
Mier irst argurent of the relation?’ Let us again consider the 
example problem of sorting and finding the median element. In 
meeecicular, consider the relation (is-redian y z). If the 
arguments had been reversed (i.e., (is-median z y)), then all 
Subgoals of the example problem would have resiced on the sare 
level of the Find-net. Tnis also would heve prevented 
peerAnTIC-S10 from troviding a sequence of subspecifications. 
Consequently, SPAM G=s> Se is currently cependent upon tne 
Beeurents of relations being ordered in a manner meaningful to 
miemeroblem domain. This ordering of arguments is the concept 
cf flow or “from input argument to output argument that was 
developed in Chapter V. The requirement of such a dependency 
is also unknown at this time. 

The most obvicus extension for SEMANTIC-SEOQ is to vrovide 
the capability of converting a mr-ary relation te a binary 
relation. Such an extension would assist in determining the 
eeore Cre ctMANTIC-SEG tn other problem domains. Also, it wovld 


Beoist in the determining what affect, if any, relational 





rroperties like antireflexive, symmetry, etc. have on the 
s€mantic nét regarding a sequénce cf specifications. In short, 
any extension should be aimed at helping to cetermine the 


seope Of SEMANTIC-SEC. 





rin oUnMa 


limes research has shown that it is possible to extract 
morortation from the rprobler specification and determine a 
Sequence of specifications using semantic networks that 
Provides a solution to the problem. To that extent, we 
consider this endéavor a success. The method we have oresentec 
1s considered novel because it considers the probler 
scecification in tote’ in its attempt to determine a secuence 
meee CECifications. 

The motivation for srvch an approach is the belief that the 
mea Of OW to solve a problem is somehow sontained in a 
rroblem’s specification. AS we become adert at discovering the 
artificial intelligence centered about ideas , rechanisms 
rore general than SEMANTIC-SEOQ can be realizec. 

The encouraging facts about SZFMANTIC-SEC in view of its 
inadequacies as stated in the vrevious chapter are as follows. 
First, the prerequisite information that SEMANTIC-SiC needs 
will largely be the contained in the information needed to 
define a Top-[own Frogram Synthesis System. Smith in [€] 
eee cch ts a Structure for top-down program synthesis. 
Therefore, if the protlem domain can be defined in terms of 
peen a structure, then much of the information required by 


SEMANTIC-S#Q already will have veen defined. 








Beceomaly, SHMANTIC=S20 TS "considered a cheat approach to 
determining sequence because it uses much of the sare 
Potorfation used tc define the protlem domain. Also, the 
eeeruiccure of SEMANTIC-SEC is simple. The criticism approach 
rrovides the advanteges of modularity, isolates the concern of 
@eerator action, and allows for easy expansion of capabilities 
te the protler domain because critics can be structured 


hierarchically. 
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